Spinal cord injury (SCI) results in demyelination of surviving axons, loss of oligodendrocytes, and impairment of motor and sensory functions. We have developed a clinical strategy of cell therapy for SCI through the use of autologous bone marrow cells for transplantation to augment remyelination and enhance neurological repair. In a preclinical large mammalian model of SCI, experimental dogs were subjected to a clipping contusion of the spinal cord. Two weeks after the injury, GFP-labeled autologous minimally manipulated adherent bone marrow cells (ABMCs) were transplanted intrathecally to investigate the safety and efficacy of autologous ABMC therapy. The effects of ABMC transplantation in dogs with SCI were determined using functional neurological scoring, and the integration of ABMCs into the injured cords was determined using histopathological and immunohistochemical investigations and electron microscopic analyses of sections from control and transplanted spinal cords. Our data demonstrate the presence of GFP-labeled cells in the injured spinal cord for up to 16 weeks after transplantation in the subacute SCI stage. GFP-labeled cells homed to the site of injury and were detected around white matter tracts and surviving axons. ABMC therapy in the canine SCI model enhanced remyelination and augmented neural regeneration, resulting in improved neurological functions. Therefore, autologous ABMC therapy appears to be a safe and promising therapy for spinal cord injuries.
INTRoduCTIoN
Traumatic spinal cord injury (SCI) results in oligodendrocyte loss, demyelination of surviving axons, and severe functional impairment (28). Cell therapy is an attractive strategy to augment axonal sparing and remyelination and to overcome the physical and molecular barriers impeding repair (30) . Cell types that may be used for autologous cell therapy of SCI include bone marrow (BM)-or adipose tissue-derived cells, olfactory ensheathing cells (OECs), Schwann cells, skin-derived precursor cells, and potentially induced pluripotent stem cells (iPSCs) or induced neuronal cells (14) . Numerous preclinical studies, mostly utilizing rodent models of SCI, have demonstrated the efficacy of adult BM-derived cells in facilitating injury repair [reviewed in Tetzlaff et al. (42) ]; however, the current consensus is that demonstrating efficacy in large mammalian models of SCI is necessary for clinical applications of cell therapy in SCI (23).
The BM contains multiple cell types that contribute differently to injury repair, and the fate and/or efficacy of these cells when delivered in vivo for cell therapy in SCI subjects are highly dependent on their harvest, isolation, propagation, and delivery procedures. Therefore, it is increasingly critical to distinguish the cell features and subtypes of BM-derived cells that are utilized for cell therapy investigations. The adult human BM in the iliac crest contains multiple heterogeneous stromal cells, including multipotent mesenchymal stromal cells (17) or mesenchymal stem cells (MSCs) (12) (the term "MSCs" is most frequently used to describe "culture-expanded" BM cells), adventitial reticular cells, vascular pericytes, BM fibroblasts, and bone-lining cells (19) . All of the aforementioned BM stromal cell types contain cells that can self-renew, display a specific (and similar) set of surface phenotypes, and share the property of selective adherence to tissue culture plastic (8) . The surface phenotypic markers that are present on BM stromal cells in vivo may be induced and/ or regulated by the BM microenvironment or be reflective of other cell functions in vivo that could potentially be lost upon plastic adherence and exposure to culture media for several weeks during the isolation and expansion of MSCs (18) . Accordingly, we have developed a brief isolation procedure for BM stromal cells where we can exploit the adhesive property of these cells to isolate the "minimally manipulated" adherent BM cells (ABMCs), while they still maintain their in vivo phenotypic characteristics and (regenerative) features. We have previously isolated human ABMCs (12), and here we utilized a similar procedure to isolate canine ABMCs. We then examined the cell therapeutic abilities of these canine ABMCs for SCI repair through autologous transplantation, without culture expansion, in a preclinical canine model of SCI. Cell transplantations for SCI repair are frequently delivered at or near the site of injury or with systemic intravenous or intra-arterial infusions (40); however, cell delivery by intrathecal injections (24) is advantageous for clinical applications of autologous cell therapy.
ABMCs can contribute to injury repair by multiple mechanisms that are not completely understood. Direct differentiation of ABMCs into neural tissues has infrequently been achieved and remains contentious; however, evidence exists that ABMCs could be induced in vitro to differentiate into electrophysiologically responsive neuron-like cells (9, 44, 46) , and BM mononuclear cells, containing ABMCs, were used to promote SCI repair in vivo in rodents, mammals, primates, and in pilot human studies (42). ABMCs also secrete cytokines, growth factors (38), and neurotrophic factors (2) that provide autocrine and paracrine support for damaged neural tissue. Moreover, ABMCs, after homing to sites of injury to deliver immunomodulatory and neuroprotective functions (29), enhance angiogenesis, reduce apoptosis and free radicals, and induce survival and regeneration of neurons (11).
We utilized autologous ABMCs for intrathecal transplantation to study the safety and neurological efficacy of this strategy in a canine model. SCI dogs treated with ABMCs achieved remarkable functional recovery, and no toxicities or side effects were observed. Moreover, we have recently reported on the safety and efficacy of a similar therapeutic strategy in a phase I/II trial encompassing 70 chronic SCI patients (13). Here we demonstrate the effects of intrathecal autologous ABMC transplantation in a canine model of SCI.
MATeRIAlS ANd MeThodS

Isolation and Culture of Canine ABMCs
Animal care and ABMC studies were carried out according to guidelines of the animal care committee of both Rutgers University and the Faculty of Medicine at Cairo University. Twenty-two adult male mixed-breed dogs (3 to 4 years old) were obtained from local vendors and housed at the vivarium of the Faculty of Veterinary Medicine at Cairo University. Canine ABMCs were isolated from the femurs of six adult dogs for in vitro studies, as we recently described for human ABMCs. Canine ABMCs were subjected to flow cytometry (FACSCalibur; BD Biosciences, San Jose, CA, USA) after staining with 100 ml of labeled antibodies (appropriately diluted to previously determined titration points) against the following cell surface markers: cluster of differentiation 13-phycoerythrin (PE) cyanine 7 (cy7) (CD13-PC7), CD29-PC7, CD34-PE, CD44-fluorescein isothiocyanate (FITC), CD45-PC7, CD73-PE, CD90-PE, CD105-PE, CD166-PE, CD271-PE, and c-kit-PE (all from BD Biosciences). Dead cells were excluded by labeling with 1 mg/ml of 7-aminoactinomycin D (7-AAD; Invitrogen, Carlsbad, CA, USA). Mesenchymal induction into osteogenic, adipogenic, and chondrogenic lineages was performed as previously described (18, 34) . Green fluorescent protein (GFP) labeling and neural induction were performed as previously described (2,9) with modifications described below.
Neural Induction
ABMCs were isolated from the femurs of adult dogs. The low-density mononuclear cells were isolated using Ficoll-Plaque Plus (Amersham Biosciences, Pittsburgh, PA, USA). ABMCs were isolated by adherence on poly-l lysine-coated plates for 72 h, and nonadherent cells were removed by replacing the medium in three washing steps with phosphate-buffered saline (PBS) including 0.5% selected prescreened fetal bovine serum (FBS; Hyclone, South Logan, UT, USA). ABMCs were maintained in Dulbecco's modified Eagle's medium (DMEM; Invitrogen)-low glucose supplemented with 10% FBS, 2 mg/ml l-glutamine (Gibco, Grand Island, NY, USA), and 0.3% penicillin streptomycin (Gibco) at 37°C and 5% CO 2 concentration. In vitro GFP labeling was done by adding pCMV-AcGFP plasmid mixed with lipofectamine at a 2:1 ratio to each plate and incubating at 37°C for 6 h before transplantation. Neural induction was performed as previously described (2, 9) with some modifications. Neurosphere induction was done by culture in DMEM/Ham's F12 (1:1) supplemented with 2% (v/v) B27 medium (Invitrogen) and the growth factors epidermal growth factor (EGF; 20 ng/ml), basic fibroblast growth factor (bFGF; 20 ng/ml) (both from R&D Systems, Minneapolis, MN, USA), and heparin (5 mg/ml; Sigma-Aldrich, St. Louis, MO, USA). Three-dimensional semifloating neurosphere-like collections appeared after 4-7 days. Neuronal induction was done by using single cells that were lifted by incubation with accutase (Invitrogen) at 37°C for 3-4 min and plated at a density of 2,000 cells/ cm 2 in serum-free DMEM/F12, with 2% (v/v) FBS, 2% (v/v) B27 medium (Invitrogen), bFGF (20 ng/ml), and alltrans-retinoic acid (RA; 20 mM; Sigma-Aldrich). Cells were kept under these conditions for 12 days and were then fixed, stained with primary and secondary antibodies, and analyzed by immunofluorescence microscopy.
Immunostaining
Cells were fixed in 4% paraformaldehyde and stored under PBS at 4°C until stained. To assess the histopathological changes, all dogs were euthanized at 16 weeks after the cell therapy. The histological analysis was blinded until completion of the study. Dogs were perfused with 0.14 M Sorensen's phosphate buffer and 4% paraformaldehyde (Sigma-Aldrich), pH 7.4, and spinal cords from T10 to L5 were fixed in 10% buffered neutral formalin (Sigma-Aldrich) and immersed in a decalcifying solution. Sections were either embedded in paraffin, and 4-mm-thick axial sections were cut for histological and IHC analyses, or prepared for plastic embedding by postfixing with 1% osmium tetroxide (Electron Microscopy Sciences, Hatfield, PA, USA), dehydrating in graded ethanol solutions, embedding in Epox (Electron Microscopy Sciences), and 90-mm-thick axial sections were cut for electron microscopy analysis. Paraffin sections were stained with hematoxylin and eosin (H&E), Luxol fast blue (both from Sigma-Aldrich) to identify myelin or used for fluorescence analyses. Myelinated areas and volumes of the cavities from the epicenter of the damaged spinal cord were calculated from images of the transverse sections using AxioVision image analysis software (Carl Zeiss Microimaging GmbH, Jena, Germany). The section was identified with the largest area of cavitation, and this area was measured for each dog and expressed as mean ± SD from control and cell therapytreated dogs. For immunofluorescence, the deparaffinized sections were processed through antigen retrieve for 2 min and then stained with specific antibodies appropriate for canine cross-reactivity. Primary antibodies were monoclonal anti-GFP (1:100; Clontech Laboratories, Inc., Mountain View, CA, USA), monoclonal anti-microtubuleassociated protein 2 (MAP2) (1:500; Sigma-Aldrich), polyclonal anti-glial fibrillary acidic protein (GFAP) (1:500; Dako, Carpinteria, CA, USA), monoclonal anti-type III b-tubulin epitope J1 (TuJ1; 1:200; Chemicon, Billerica, MA, USA), polyclonal anti-platelet-derived growth factor receptor-a (PDGFRa; 1:80; Chemicon), monoclonal antiglutamic acid decarboxylase, 65 kDa isoform (GAD65; 1:500; Abcam, Cambridge, MA, USA), polyclonal antinestin (1:100; LifeSpan Biosciences, Inc., Seattle, WA, USA), monoclonal anti-acetylcholinestrase (AE-1; 1:50; Millipore, Billerica, MA, USA), monoclonal anti-70 kDa neurofilament (NF70; 1:50; Millipore), monoclonal antineuron cell surface antigen clone A2B5-105 (A2B5) (1:100; Millipore), and monoclonal anti-metabotropic glutamate receptor 1 (GRM1; 1:100; BD). Peroxidase ABC kit and CoCl 2 -enhanced diaminobenzidine (DAB) (Fisher Scientific, Pittsburgh, PA, USA) were used as chromagen for myelin basic protein (MBP) staining. For fluorescent microscopy, secondary antibodies labeled with Alexa Fluor 488, 535, and 610 dyes (Invitrogen) were employed. Nuclear counterstaining using 1 mg/ml of 4¢,6diamidino-2-phenylindole (DAPI; Invitrogen) in 400 ml was performed. A bacterial artificial chromosome (BAC) containing canine chromosome 35 (a kind gift from Ming Yao, Rutgers University) was used as a probe for fluorescent in situ hybridization (FISH) to detect cell fusion. The targeted area chosen for calculating GFP, nestin, PDGFR, TuJ1, and NF70 counts used 100 squares with a surface area of 0.01 mm 2 each. Values are presented as mean ± SD. Histologists who were blinded to therapy performed histological examinations.
Canine Model of Spinal Cord Injury
Sixteen healthy adult mixed-breed male dogs that weighed 3.77 ± 0.59 kg were used for the experimental SCI study. All aspects of animal care and treatments were approved by the animal care committee of Cairo University. Anesthetized dogs (with sodium pentobarbital, 40 mg/kg, University Pharmacy) were placed in ventral recumbency on the operating bed and received a spinal cord injury at the L4 level performed by the same veterinary neurosurgeon on all 16 dogs. Briefly, after L4 laminectomy, the dura was opened, and the spinal cord was subjected to a guided fixed length clipping contusion to ensure reproducibility of the lesion. Postoperative care included that the dogs were kept warm and given manual bladder evacuation twice per day and prophylactic antibiotics. The dogs had no difficulty in feeding. The dogs were randomly assigned, without bias, to four groups according to treatment after SCI (n = 4/group), with group A serving as controls receiving no cell treatment. Group B, C, and D dogs received 2 × 10 6 GFP-labeled ABMCs/kg by lumbar puncture. Group B animals received unmanipulated ABMCs. To investigate whether in vitro neural induction of ABMCs would augment their in vivo repair potential, groups C and D animals received ABMCs isolated at 72 h that were induced in neural media for either the last 24 h (group C) or for a full 72 h (group D). Transplantation of canine ABMCs was performed 2 weeks after the SCI. The dogs were anesthetized using the same methods described above. Fifty milliliters of BM were aspirated from each side of the iliac crest, and ABMCs were isolated by adherence for 72 h as described above. In the three groups (B-D) receiving unmanipulated ABMCs or ABMCs induced for neural differentiation for 24 or 72 h, respectively, cells suspended in 150 μl of saline solution were transplanted by an intrathecal injection into the CSF by lumbar puncture using a 22-gauge spinal needle. Behavioral assessments of hindlimb functional recovery were done by video recording. Each dog was videotaped from the sides and back for a minimum of 10 walking steps. Dogs with limited weight bearing were supported in place by holding the base of their tail. Using a 15-point scoring system (31), the gait of each dog was independently scored from the videotapes by two investigators blinded to treatment type, and the mean scores at baseline, 1 day after SCI, and at 2, 4, 8, 12, and 16 weeks after SCI were recorded.
Data Analysis
For quantitative analysis of transplanted GFP cells in the spinal cord, 15 cross sections were cut from each dog's spinal cord at 4 mm thickness, 150 mm apart. All cells in each section with an average of 6 mM in diameter were counted. Three sections of spinal cord per antibody were examined for double-positive cells, and four regions per section were counted. For the functional testing, differences in locomotor scores between transplanted dogs and controls were analyzed by blinded examiners at each time point. All data were expressed as mean ± SD. In vitro data and quantitative variables for outcome among transplanted and control dogs were compared using Student's t-test when applicable. Group outcome statistics among subgroups of transplanted and control dogs were compared using two-sample Wilcoxon rank-sum (Mann-Whitney) test or Fisher's exact test among all groups using Microsoft Excel (Redmond, WA, USA), Sigmaplot (Systat Software, San Jose, CA, USA), or Stata software (Stata, College Station, TX, USA) unless otherwise specified. Statistical significance was determined at a value of p < 0.05.
ReSulTS
In Vitro Differentiation of ABMCs
Six normal canine BM samples were subjected to adherence for 72 h on poly-l-lysine under an approved protocol. Canine ABMCs expressed CD29, CD44, CD73, CD90, CD105, CD117 (C-Kit), CD166, and CD271, but had very low (<0.01%) to no detectable expression of CD45, CD34, and CD13 ( Fig. 1) . Thus, ABMCs share some phenotypic features with canine MSCs that were positive for CD90 and lacked expression of CD34 and CD45 and could be neurally induced (20) . Canine ABMCs had a flat oblong morphology ( Fig. 2A) with few Figure 1 . The phenotype of primary canine ABMCs. Histograms of adherent bone marrow cells (ABMCs) from canine bone marrow (BM) samples that were isolated and cultured for 72 h on poly-l-lysine, lifted with accutase, and stained in a representative study for the specified cell surface markers. Dead cells were excluded using 7-aminoactinomycin D (7-AAD). A representative analysis is shown. FSC, forward scatter; CD45, cluster of differentiation 45. fibroblast-like cells that frequently predominate the traditional culture-expanded MSCs. Canine ABMCs were transfected with GFP-expressing plasmid at ~90% efficiency (Fig. 2B) . The expression of GFP in these cells had no detectable effect on their morphology (Fig. 2B) nor on their response to either mesenchymal or neural induction (not shown). Culture of these cells in neural induction medium, similar to human cells (5), resulted in the formation of atypical neurospheres (Fig. 2C) . These ABMCs could be potentially induced to adipocytes, osteocytes, and chondrocytes ( Fig. 2D-F ). Morphological changes with increased expression of the neuronal dendrite-specific MAP2 in cells with neural-like morphology were evident following neural induction ( Fig. 2G-L) .
Neurological Functional Recovery in ABMC-Treated Canine SCI Model
Clipping contusions to the dog spinal cord performed on 16 dogs resulted in sensory loss and bilateral hindlimb paralysis with no residual motor or sensory functions in all injured dogs. One week after injury, animals regained some ability for weight support at least on one side due to spontaneous recovery. These effects reached plateau after 2 weeks, and untreated dogs remained with limited hindlimb weight-bearing abilities for the duration of the studies. Locomotor performance and functional recovery of hindlimbs were evaluated every 4 weeks for 16 weeks after transplantation using a 15-point videotaping scoring system developed for canine SCI (31) (Fig. 3) . Motor function of the hindlimbs was intact before SCI, and all animals scored 14-15 points (Fig. 3A) . After injury, dogs were paraplegic with no deep pain sensation, and hindlimb scores neared zero. No significant differences were measured statistically between the three groups of dogs B, C, and D, receiving unmanipulated or induced ABMCs (Table 1) . Dogs receiving autologous ABMC transplant (from groups B, C, and D; n = 12) reached near maximum recovery at 8 weeks posttransplant (Fig. 3A and Table 1) , with a significant recovery (p < 0.001 when compared to controls) of their motor function. These effects were associated with enhanced spontaneous hindlimb movements ( Fig. 3B ) 1 week after therapy, suggesting early neuroprotective effects of ABMCs. At 16 weeks posttreatment, dogs were euthanized, and spinal cords were fixed for histology and immunostaining. Sections of injured spinal cord from control dogs showed severe vacuole formation, in contrast to reduced residual cavitation in group B ABMC-treated sections (Figs. 3C-E and 4) . Immunostaining with anti-MBP antibody was increased in ABMC-treated dogs compared to controls and reached up to 85% of MBP levels in intact cords (Fig. 3F-I ), suggesting potential remyelination.
Localization of ABMCs at the Spinal Cord Injury Site
We performed multicolor immunohistochemistry (with sections from control and group B dogs) using GFP as a marker for transplanted autologous minimally manipulated ABMCs in association with spinal cord resident neural cell markers (Fig. 5 ). Once again, less cavitation in the gray and white matter was noticed in ABMC-treated sections (Fig. 5A, B) , and GFP + cells were detected within the SCI lesion boundaries ( Fig. 5C-H) . GFP + cells were widely distributed from the epicenter and were found in the gray and white matter of the injured cord and distributed at the lesion boundary zone, around the central canal, and in the contralateral gray matter (Fig. 5F ). On average, 29 ± 5% of GFP + cells in the white (Fig. 5C-E and G-H) and gray matter ( Fig. 5I-K) were also positive for NF70, a specific marker for mature neurons. The dorsal funiculus of the spinal cord consists largely of myelinated axons. GFP staining was also observed in the dorsal funiculus with several cells expressing NF70 (Fig. 5L-N) . ABMC-derived cells positive for both GFP and either the neural progenitor marker nestin in a high-density synaptic apposition (Fig. 5O) , the oligodendrocyte precursor marker PDGFR in a lower-density synaptic apposition (Fig. 5P ), or the astrocyte precursor marker GFAP in nerve bundles (Fig. 5Q) were found. Moreover, ABMC-derived cells positive for both GFP and PDGFR were seen near microvessels surrounding the central canal (Fig. 6A) . No GFP + cells were detected in controls ( Fig. 6C-F) as expected, while GFP + cells expressing NF70 were found within cross sections of the ventral roots ( Fig. 6G-J) of ABMC-treated dogs.
The distribution of GFP + cells reflected a prototype favoring regeneration. We detected a number of GFP + cells expressing NF70 within cross sections of the ventral funiculus area (area 3 in Fig. 5B ) that is known to contain anterior Week 1 Week 4 Week 8 Week 12 Week 16 Control 1.9 ± 0.1 2.2 ± 1.2 3.6 ± 1.6 4.2 ± 0.6 3.8 ± 0.8 ABMCs 1.7 ± 0.2 8.0 ± 2.5 11 ± 0.9 11 ± 1.4 12 ± 1.2 ABMCs + (24 h) 1.8 ± 0.3 8.2 ± 2.1 10.9 ± 0.8 12 ± 1.2 11.6 ± 1.9 ABMCs + (72 h)
1.9 ± 0.1 7.7 ± 1.8 9.9 ± 1.2 12 ± 1.0 11 ± 1.8
ABMCs, adherent bone marrow cells; SCI, spinal cord injury.
corticospinal tracts. The localization of GFP + ABMCderived cells near the anterior corticospinal tracts, controlling voluntary movements and traditionally valued as least capable of regeneration (4), suggests more robust regeneration with ABMCs. We observed infrequent GFP + cells that colocalized with A2B5, a ganglioside antigen present in common glial precursors O-2A (data not shown) with neural stem cell features. Furthermore, the predominance of double-labeled profiles of GFP + cells expressing neural progenitor markers was seen in both gray and white matter. GFP + cells expressed markers of the resident neural precursor tissues involved in inducing terminal neural cell fate, as suggested by detection of GFP + cells, though in limited numbers, that colocalized with excitatory, inhibitory, and cholinergic neurotransmitter markers. Cells dually labeled with GFP and either excitatory GRM1, inhibitory GAD as a marker for GABAergic signals, or cholinergic AE-1 signals were detected at low frequencies (<1%) (Fig. 7) .
Molecular and Electron Microscopic Features of ABMC-Induced Remyelination
First, to exclude the possible occurrence of fusion events as a mechanism for injury repair and regeneration, we analyzed sections of canine spinal cords that were subjected to grafting experiments. DAPI nuclear-stained GFP-expressing cells were examined using a canine chromosome 35 FISH probe. All examined cells (n = 500) were diploid (not shown), suggesting that fusion events were not present. Moreover, electron micrographs in sections from control animals demonstrated demyelinated axons, extensive vacuolation, and glial scarring in an extracellular environment free of astrogliosis. In contrast, electron micrographs of similar sections from ABMC-treated animals demonstrated a larger number of myelinated axons (compare Fig. 8D vs. A) . Analysis of these electron micrographs of sections from autologous ABMC-transplanted dogs (Fig. 8D ) demonstrated that remyelinated axons appear predominantly associated with peripheral-like myelin-forming cells. Oligodendrocytemyelinated axons with central myelination and characteristic thin myelin sheaths were observed in the smaller axons ( Fig. 8E, F) in only one third of the total remyelinated axons. Remyelinated axons were associated with astrocytes characterized by multilobular nucleoli and large intermediate filament-rich processes that extended to multiple remyelinated axons (Fig. 8G, H) and occasionally to thickly remyelinated axons (Fig. 8I) . Collectively, these data suggest that ABMCs drive injury repair, remyelination, and potential neural regeneration within the injured spinal cord microenvironment. 
dISCuSSIoN
Our studies demonstrate that intrathecal transplantation of autologous canine ABMCs contributes considerably to the inadequate axonal regeneration in mammalian SCI (30). Stem cell therapy is beneficial for SCI repair (39), and the multiple beneficial mechanisms by which ABMC therapy repairs injuries suggest that ABMC transplantation achieves an initial preclinical efficacy (23) in a large mammalian SCI model. These data are in accordance with the beneficial effects seen with ABMC transplantation in human SCI patients based on the initial outcome data of our phase I/II clinical trial (13). Intrathecal transplantation of autologous ABMCs in the canine SCI model was associated with remyelination and functional improvement. These repair features that are translated from preclinical models to SCI patients are unique to BM-derived cells (4,8,43), considering that transplantation of OECs showed functional benefits in rats (25) and pet dogs with SCI (15) but had modest outcome in SCI patients (27) . Moreover, neural stem cells (NSCs) were recently shown to exert remarkable axonal growth and induce functional repair in the rat SCI model (26); however, transplanted NSCs that are rather derived from embryos have been linked to brain tumor development in an ataxia telangiectasia patient (1). Therefore, the long-term safety profile of allogeneic and fetal-derived neural progenitor and potentially iPSC-derived cell transplantation requires added scrutiny before wide clinical applications. Indeed, autologous cell therapy for SCI remains to date a more safe and feasible strategy. BM cells with limited culture expansion have been used in pilot studies and human clinical trials to improve neurological functions when delivered near the injury site via intra-arterial (40) and intrathecal injections (13,22) in chronic SCI patients. Importantly, all human trials demonstrate the superior safety profile of BM-derived cells (8, 42) .
Delayed transplantation in subacute SCI perhaps acts in a more permissive, "less inflammatory" environment supporting graft survival. Additionally, intrathecal delivery of ample BM cells is likely to be more effective when compared to systemic delivery and homing of a fraction of the injected BM cells (21, 40) . At the functional level, ABMCs act to repair SCI by multiple nonmutually exclusive mechanisms. Neural regeneration likely plays a modest role, either directly (33) or through recruitment of either brain neural crest stem cells that mature into Schwann cells or spinal cord ependymal stem cells. We found the largest number of GFP + ABMC-derived cells around the central canal, where ependymal cells reside (3,36), suggesting that ependymal cells might be implicated in the repair process. Moreover, analyses of electron micrographs from transplanted dogs suggest that axons were remyelinated by Schwann cells that have a guidance role in axonal regeneration and myelination. In particular, osteopontin and clusterin derived from Schwann cells were recently shown to play a significant role in regeneration of peripheral motor and sensory axons (47) and may play similar roles when secreted from ABMCs, ABMC-derived Schwann or other cell types, and/or cells instructed by ABMC-signaling mediators during SCI regeneration. ABMCs also produce neurotrophic factors and anti-inflammatory mediators (29) that support spinal cord tissue by creating new neuronal pathways in fibrous scar tissues (10) or by expanding sprouting or generating short regenerated neural fibers (28). Another mechanism was revealed when BM-derived cells reversed proinflammatory M1 macrophages into M2 anti-inflammatory macrophages with reduced matrix metalloproteinase-9 release, therefore effectively preventing the induction of axonal dieback (6). In addition to these effects on macrophages, BM-derived cells also promoted sensory neurite outgrowth, induced sprouting, and increased neurite intrinsic growth capacity, further enabling axons to overcome the negative effects of inhibitory proteoglycans and M1 macrophages (6). Furthermore, it has been recently reported that the antihelmintic drug fenbendazole surprisingly reversed the effects of contusive SCI in mice (48). Immune response and autoantibodies produced after SCI contribute to axon damage, and eliminating these antibodies through the anti-inflammatory mediators secreted by ABMCs might be beneficial for regeneration. Additionally, ABMCs, or their secreted exosome products, may control the expression of microRNAs that are critical for SCI repair (49) or contain cells that provide guidance for connection to distal and proximal ends of the spinal cord and therefore facilitate regeneration (16).
ABMCs injected intrathecally were minimally manipulated BM cells and were not the culture-expanded MSCs. Furthermore, neural induction of ABMCs in vitro prior to transplantation had no benefit. Prolonged culture may alter the biological, phenotypic, immunomodulatory, and differentiation capacities of these cells (35). The identities of the BM cells that gave rise to myelinforming cells that may have induced neural regeneration remain elusive. Since transplantation of CD34 + cells in similar conditions did not result in myelination (37), while transplantation of CD34 − BMCs resulted in functional improvement (7); therefore, CD34 + cells are not likely candidate repair cells. Potential candidates include nonhematopoietic cells that have multipotent activity and share surface marker phenotypes, such as multipotent mesenchymal stromal cells, adventitial reticular cells, vascular pericytes, bone-lining cells (19), and fibroblasts or perhaps a number of these cell types each contributing uniquely to a cooperative repair process. In light of the induced pluripotency of adult fibroblasts (41) or the potential conversion of neonatal fibroblasts to functional neurons (32,45), we cannot exclude the possibility that BM-derived fibroblasts participate in injury repair in response to clues in the spinal cord microenvironment. Additionally, the vast majority of cell bodies and nuclei present within the lesion zone of our repaired spinal cords were associated with myelin-forming cells, suggesting that remyelinating cells were the predominant cell type to differentiate. Likewise, it is possible that ABMCs or their derivative cells are reprogrammed in vivo to adapt to or exhibit a remyelinating fate in response to clues in the SCI microenvironment. Further studies interrogating each of these potential mechanisms of repair will shed light on the role(s) of ABMCs in mediating SCI repair and allow for defining targets for an added enhancement of these repair features to achieve a more significant neural regeneration. In conclusion, autologous grafting of ABMCs, harvested from the patient's own BM, without ethical or immunological concerns, might be an effective therapeutic strategy to provide neurological functional improvement. This strategy may be implemented for cell therapy of pet dogs suffering from SCI and is translated to enhance the quality of life of human SCI patients.
